The contribution of dissolved organic matter (DOM) released from phytoplankton (Microcystis aeruginosa) during cultivation and biodegradation was examined to clarify the causes of the organic pollution of Lake Biwa. Two peaks, peak 2 (retention time (RT) = 32 min) and peak 3 (RT = 35 min), were detected in the algal DOM released from Microcystis aeruginosa during cultivation and biodegradation by gel chromatography with a fluorescence detector (Ex = 340 nm, Em = 435 nm). As these peaks correspond with the peaks detected in the surface water of Lake Biwa, one can conclude that the algal DOM released from Microcystis aeruginosa during cultivation and biodegradation makes a considerable contribution to the refractory organic matter in Lake Biwa. Three fluorescence maxima were observed in the cultivation of Microcystis aeruginosa: a fulvic-like fluorescence peak (peak A) with Ex/Em values of 320/430 nm, a protein-like fluorescence peak (peak C) with Ex/Em values of 280/360 nm, and another peak with Ex/Em values of 240/370 nm. The fluorescence material of peak C has a larger MW than that of peak A. The algal-derived DOM from Microcystis aeruginosa has similar fluorescence to fulvic acid of soil origin but exhibits mainly hydrophilic characteristics. In the biodegradation of Microcystis aeruginosa, a fulvic-like fluorescence peak (peak B) with Ex/Em values of 250/440 nm and a peak with Ex/Em values of 320/380 nm were observed.
Introduction
In Lake Biwa, the largest lake in Japan, an annual increase of chemical oxygen demand (COD) has been observed since 1985, although the values of biochemical oxygen demand (BOD) and chlorophyll-a have remained almost constant. Moreover, the values of COD in the rivers that flow into Lake Biwa have not increased. 1 These results suggest that refractory organic matter may have accumulated in Lake Biwa.
In several lakes, chemical fractionation methods have been applied to analyze the temporal changes of DOC. 2 Imai et al. divided the DOC occurring in Lake Biwa into six fractions: hydrophobic acid, hydrophobic base, hydrophobic neutral, hydrophilic acid, hydrophilic base, and hydrophilic neutral. They reported that the hydrophilic acid fraction contained more than 40% of the total DOC, whereas the hydrophobic acid fraction contained less than 30%. 3 Hori et al. attempted to characterize organic carbon samples in Lake Biwa and the surrounding rivers according to their adsorptivity to hydrous iron oxide (HIO) and their reactivity with a permanganate oxidant. They found that the fraction with adsorptivity to HIO consisted primarily of refractory organic carbon. [4] [5] [6] However, the dynamics of DOC could not be quantitatively explained by these data alone.
In our previous study, humic acid (HA) and fulvic acid (FA) in environmental water were determined by UV spectrophotometry after preconcentration with diethylaminoethyl (DEAE)-cellulose and separation at pH 1 by centrifugation, where the relationship between aquatic humic substances and trihalomethane (THM) formation was further examined. 7 Furthermore, simultaneous determinations of the concentration and molecular weights of humic substances in environmental water were conducted by gel chromatography with a fluorescence detector. Such methods were applied to the direct determination of humic substances in the Katsura, Uji, Kidzu, and Yodo Rivers. 8 This method was applied to the determination of humic substances in Lake Biwa and the surrounding rivers to clarify their contributions to the increase of COD in Lake Biwa. Moreover, other dissolved organic matter (DOM) in Lake Biwa and the above-mentioned rivers was investigated to elucidate its origin and behavior in each case. The main origin of hydrophobic acids in Lake Biwa may be humic substances from soils around the rivers that flow into Lake Biwa, while hydrophilic acids may be due to inner production by phytoplankton. 9, 10 However, few studies about the contribution of the inner production by phytoplankton to DOM have been carried out. Since 1985, when the increase in COD began, 11 the predominant kind of phytoplankton has changed from green algae to darkbrown whip-hair algae, and it is possible that the change in the production of organic substances due to the change in the kind of plankton affects the increase in COD. Then, the kinds of phytoplankton that were predominant before and after 1985 in Lake Biwa and Microcystis aeruginosa were cultivated, and the algal DOM concentrations released from phytoplankton during cultivation and biodegradation were determined. Fluorescence measurements have been applied to investigate the complexes of copper with organic ligands in lake waters. 12 Mostofa et al. applied three-dimensional excitation-emission matrix (3-DEEM) techniques to investigate the dynamics and origin of DOM in the Lake Biwa watershed. 13 Therefore, the effects of the algal-derived DOM on the refractory DOM in Lake Biwa and their fluorescence characteristics and MW distribution were investigated. In the present research, Microcystis aeruginosa was cultivated and algal DOM released from Microcystis aeruginosa during cultivation and biodegradation was determined for comparison with the results of soil FA and DOM in Lake Biwa using gel chromatography with a fluorescence detector and 3-DEEM.
Experimental

Reagents and apparatus
Microcystis aeruginosa (NIES-109, Lake Yogo, Shiga), which was supplied by the National Institute for Environmental Studies, was used.
Humic acid (Aldrich Chemicals) was purified by repeated dissolution in 0.1 M sodium hydroxide and precipitation in 0.1 M hydrochloric acid until the color of the supernatant solution was eliminated. Fulvic acids obtained from A-horizons of brown forest soil (Dystric Cambisol, Dando, Aichi, Japan) and ando soil (Humic Andozol, Inogashira, Shizuoka, Japan) were used.
Fulvic acids prepared according to the methods developed by the International Humic Substances Society (IHSS) were supplied by the Japan Humic Substances Society and used as a standard without purification. 7 All other chemicals were of the best commercial grade. Pure water was prepared using a Millipore Milli-Q water purification system. Three incubators: an Iwaki LIB-302, an Iwaki ICB-142L, and an NIK LH-100SP, were used for the cultivation and biodegradation of plankton. A TOMY BS-305 autoclave was used for sterilization. An Olympus IX71N-22PH-D microscope was used to count the algae. The apparatus used for HPLC was a Shimadzu LC-10AD chromatography pump equipped with a Shimadzu RF-535 fluorescence detector.
The excitation wavelength (Ex) was 340 nm and the emission wavelength (Em) was 435 nm. A Shimadzu C-R7A chromatopac was used for data analysis. The test samples were applied to a gel filtration column: Superose12 HR10/30 (300 × 10 mm i.d., Pharmacia Biotech) using a sample injector (Rheodyne 7125) with a 100 μl loop. A 0.01 M sodium hydroxide solution was used as an eluent at a flow rate of 0.4 ml min -1 . Two TOC meters: a Shimadzu TOC-5000A and a Shimadzu TOC-V CSH, were used for the determination of DOC. A JASCO V-530 spectrophotometer was used for the measurement of the UVabsorbance (260 nm) of water samples. A Kubota KN-70 centrifuge was used for the separation of humic substances. A Horiba F-51 pH meter and a TOA CM-60S EC meter were used for the measurement of the pH and the electric conductivity in environmental water samples, respectively. For the measurement of BOD, a Tech-jam B-100Z BOD meter was used.
Cultivation and biodegradation of Microcystis aeruginosa
Microcystis aeruginosa was grown in one-liter (1 L) triangular bottles at 20˚C and 2000 lux under a 12 h:12 h light/dark cycle in a MA medium (Table 1) 14 and an improved VT medium (Table 2) .
Regarding the biodegradation of phytoplankton, 500 ml of water from Lake Biwa was added to the phytoplankton, which was separated from 500 ml of the medium by filtration through a 0.45 μm Millipore membrane filter. The sample solution in the 1 L triangular flask stood at 20˚C in the dark. The lake water samples used for the biodegradation of phytoplankton were collected at Biwako-ohashi in Lake Biwa from March to May in 2006.
Procedure for the determination of algal-derived DOM from Microcystis aeruginosa
Changes in the time of BOD, COD, DOC, and E260 (absorbance at 260 nm) were measured in the cultivation and the biodegradation experiments. Dissolved organic substances were analyzed using gel chromatography with a fluorescence detector, which was developed for the simultaneous determination of the concentration and molecular weight of humic substances. 8 Here, the column void volume (V0) (elution volume for Blue Dextran 2000) was 7.38 ml and the total bed volume (Vt) was 23.6 ml.
The fractionations of algal-derived DOM from Microcystis aeruginosa were carried out according to the method of Nagai et al. 10 The hydrophobic and hydrophilic fractions of DOM were isolated using Supelco DAX-8 resin (equivalent XAD-8 resin).
According to the method of Nagao et al., 15 the fluorescence properties were measured with a three-dimensional excitationemission matrix (3-DEEM) using a fluorescence spectrophotometer, a Shimadzu RF-5300PC, creating highresolution fluorescence running with band-pass width slits of 
Results and Discussion
Cultivation of Microcystis aeruginosa
The time changes in the cell counts of Microcystis aeruginosa during cultivation in a MA medium and an improved VT medium are shown in Fig. 1 . The cell count of Microcystis aeruginosa in a MA medium increased until the 36th day, when it reached a maximum of 1.7 × 10 7 cells/ml, and it was almost constant after that until the 49th day, when it reached the stationary phase. The cell count decreased after that due to cell death. On the other hand, the cell count of Microcystis aeruginosa in an improved VT medium increased until the 40th day, when it reached a count of 4.3 × 10 6 cells/ml. Gel chromatograms of the standard FA of the soil origin (Inogashira) and a surface water sample of Lake Biwa are shown in Fig. 2 . In the case of FA, the peak 1 (RT = 30 min) at which the molecular weight was high was very large, and peaks 2 (RT = 32 min) and 3 (RT = 35 min) were relatively low. In the case of the surface water of Lake Biwa, three peaks (RT = 30, 32, and 35 min) were detected, and the ratio of peak 1 was lower than that of FA in soil origin. The molecular weights of peaks 1 and 2 were estimated to be 5000 -10000 Da and 3000 -5000 Da, respectively. 8 The molecular weights of most humic substances in Lake Biwa and the rivers flowing into it may be lower than 5000 Da, which is lower than that of the substances in the Katsura, Uji, Kidzu and Yodo Rivers, about 3000 -10000 Da. 8, 9 Most humic substances in the Katsura, Uji, Kidzu and Yodo Rivers seem to originate from soils around the rivers. 7 These results indicate that the aquatic humic substances with the lower molecular weights in Lake Biwa may have different origins, such as autochthonous DOM. These peaks detected in Lake Biwa were almost constant after storage of 98 days, and the results confirmed the likely existence of refractory organic matter.
The gel chromatograms of algal DOM from Microcystis aeruginosa during cultivation in a MA medium at the cultivation start time (A) and after 28 days (B) are shown in Fig. 3 . It was difficult to detect a peak even at the start time (A). Peak 2 (RT = 32 min) and peak 3 (RT = 35 min) were detected after 28 days (B), and peak 3 was particularly large. Two other peaks were recognized, besides the above-mentioned two, at RT 39 and 50 min. The molecular weight of algal DOM from Microcystis aeruginosa was estimated to be lower than 3000 Da because peak 3 was particularly large. These results suggest that the lower-molecular-weight DOM with the same fluorescent characteristics of FA may be formed during the cultivation of Microcystis aeruginosa.
At the time of Microcystis aeruginosa cultivation in a MA medium, time variations in the fluorescent strength of the primary products by gel chromatography were detected with a fluorescence detector and are shown in Fig. 4 The DOC values were 9 mgC/l after 28 days and 24 mgC/l after 77 days. The specific ultraviolet absorbance, SUVA260 (E260/DOC), for the cultivation of Microcystis aeruginosa was 33.3 cm -1 (gC) -1 l after 77 days. E260/DOC was strongly correlated with aromatic compounds. The ratios of E260/DOC for pedogenic DOC and autochthonous DOC were reported to be 23 -58 and 8 -16 cm -1 (gC) -1 l, respectively. 16, 17 Then, algal DOM from Microcystis aeruginosa may be attributed to aromatic compounds such as humic substances and other substances (free amino acids and protein-like materials), because the SUVA260 was comparatively high.
Biodegradation of Microcystis aeruginosa
The biodegradation of DOM and of Microcystis aeruginosa in surface water of Lake Biwa (Biwako-ohashi, April 29, 2006) was carried out. The biodegradation of Microcystis aeruginosa was also used with the lake waters collected at Biwako-ohashi in April 29, 2006. Gel chromatograms of the surface water of Lake Biwa and the product of the biodegradation of Microcystis aeruginosa after 49 days are shown in Fig. 6 . No change in peaks 1 -3 of Lake Biwa was observed in comparison with those in the early days. These results suggest that the DOM in Lake Biwa, which has peaks 1 -3, may be refractory organic matter. Such peaks (RT = 39 and 50 min) were detected in the biodegradation of Microcystis aeruginosa in addition to peaks 2 and 3. These results suggest that organic substances with the same fluorescent character and lower molecular weight of FA may also have formed during the biodegradation of Microcystis aeruginosa.
Fluorescence properties of algal DOM by 3-DEEM
For the fluorescence measurements of DOM, the filtered water samples were directly measured without further treatment. The 3-DEEM contour plots of the soil FA (Dando, 4 mg/l) and the surface water of Lake Biwa (Biwako-ohashi, March 11, 2006) are shown in Fig. 7 . Two fluorescence maxima were observed in the soil FA sample: one at Ex/Em values of 320/440 nm (peak A), and the other at Ex/Em values of 240 -250/430 -440 nm (peak B). The relative fluorescence intensity (RFI) values of peak A and peak B were 25.3 QSU and 42.5 QSU, respectively. The fluorescence peak positions for extracted FA from rivers, lakes, and soils reported in previous studies were 300 -395/406 -490 nm, [18] [19] [20] and those for HA from Aldrich Chemicals were 440 -480/440 -540 nm. 21 These are the socalled fulvic-like fluorescence peaks. In the surface water of Lake Biwa, two fulvic-like peaks and another peak with Ex/Em values of 280/330 nm (peak C) were observed. No fluorescence peak of HA was detected. A predominance of FA in the DOM of Lake Biwa and the rivers has been reported. 7, 8 The results of 3-DEEM also indicate that the fulvic-like component dominates humic-like substances in Lake Biwa. The observed peak C is similar to the fluorescence of protein material reported in previous studies and is often referred to as a protein-like fluorescence. 19, [22] [23] [24] Both peaks A and B in Lake Biwa water were associated with carboxyl groups as judged from the protonation constant of possible functional groups of the 392 ANALYTICAL SCIENCES MARCH 2008, VOL. 24 The fractionations of primary products from Microcystis aeruginosa during cultivation in an improved VT medium were carried out using DAX-8. Hydrophilic DOM, hydrophobic acid, and hydrophobic neutral were 65.0, 26.6, and 8.4%, respectively. The results suggest that the ratio of hydrophilic DOM is relatively high in primary products from Microcystis aeruginosa during cultivation. The 3-DEEM contour plots of the hydrophilic and hydrophobic fractions of algal DOM for Microcystis aeruginosa are shown in Figs. 9(a) and (b) . Peaks A and B, which are fulvic-like fluorescence peaks, were detected in the hydrophilic fractions. In the hydrophobic fractions, peaks A, B, and C were observed, but the fluorescence intensity of peak C (36.1 QSU) was the largest among all three peaks, and the intensities of peaks A and B 393 ANALYTICAL SCIENCES MARCH 2008, VOL. 24 
MW distribution of different fluorescence for algal DOM
The MW distribution of different fluorescence signals for algal DOM released from Microcystis aeruginosa was investigated by gel chromatography with a fluorescence detector. The gel chromatograms of algal DOM at different Ex/Em wavelengths were obtained. The curves of (A) and (B) in Fig. 10 were the gel chromatograms detected at Ex/Em wavelengths of peaks A and C, respectively. The retention time of the fluorescence DOM of peak A was longer than that of soil FA (Fig. 2(A) ). These results suggest that the fulvic-like fluorescence DOM in primary products from Microcystis aeruginosa may be due to the relatively small polymers in comparison to those of the soil FA.
The retention time of the fluorescence DOM of peak C (RT = 18 min) was shorter than that of fulvic-like fluorescence DOM, indicating its higher MW characteristics. Thus, the fluorescence DOM of peak C actually had a larger MW than that of peak A. Similar results were obtained in pore water. 25 Protein-like fluorescence similar to tryptophan or tyrosine fluorescence has been extensively studied in both freshwater and ocean waters. 13, 19 Only three aromatic amino acids (tryptophan, tyrosine, and phenylalanine) have been reported to be the result of fluorescence, and the protein-like fluorescence in an aquatic environment is usually attributed to these three aromatic amino acids. 13 The protein-like fluorescence was mainly due to aromatic tryptophan probably bound to protein or peptides.
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